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ABSTRACT

An investigation of unipolar arcing in various conductors and sur-
face preparations was undertaken. A discussion on the producticn of
nglassy" surfaces on various metals, and their susceptability to uni-
polar arcing is also presented.

All experiments were conducted using a neodymium glass laser in a
Q=switched mode to generate a hot plasma, Results show that stainless
steel and mild commercial steel arc very heavily, in agreement with
past researchers, while titanium undergoes arcing at a lesser crater
density but over a greater surface area, HY 130 undergoes arcing at a
low crater density, and a commercially prepared metallic glass Fe80i320
and Poco graphite not at all,

Experiments were conducted in attempt to produce metallic glass
coatings on stainless steel, HY 130, and mild commercial steel (10320). ; r
Coatings produced were exposed to a laser produced plasma and arcing
was found to be present in all cases but at a lower arc demsity., In
conjunction with attempts to produce metallic glass surface coatings on

v
" i~ metals, an experiment was done to determine the emergy density required

for the onset of plasma production in type 304 stainless steel,
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I. ZINTRODUCTION

The study of the interaction of a hot plasma with material surfaces
is becoming increasingly important, If magnetically-confined fusion
plasmas are ever to be used in the production of electrical power,
plasma~surface interaction difficulties are going to have to be solved,
Two major problems are apperent, first that the inner or first wall of
the fusion reactor vessel can ve damaged by the plasma and its reaction
products, and second, the introduction by plasma~-wall interactions of
high 2 particles into the plasma, which in turn will cool the plasma
through Bremsstrahlung losses, to a point where fusion can no longer
be sustained,

Three major damage mechanisms have been noted for a hot plasma in
contact with a material surface, First, evaporation of the surface
material, prinarily due to the absorption of radiant heat from the
bDlasma. This phenomenon can be accurately predicted imowing the wall
composition, equilibrium vapor pressure for the material, and surface
temperature, Second, sputliering by D, T, He ions or neutrals, .hen
any of these strike an atom of the first wall, a c¢ollision cascade of
lattice atoms is produced and sputtering results [Ref. 1], Third, and
most importantly, is the phenomenon of unipolar arcing, which can
occur when a hot plasma and a conducting inner wall are in contact.

An electrical arc is established between the wall and the plasma, with

the plasma acting as both the anode and the cathode,




Unipolar arcing has beenm observed in DITE and Russian Tokamaks (Ref, 2],
and recently in PLT, ISX, Macrotor, and Pulsator Tokamaks [Ref. 3],

vith erosion due to unipolar arcing at least two orders of magnitude
greater than that caused by sputtering,

Also of note is the determination of the importance of plasma-
surface interactions in targets of high energy laser weapons systems.

As noted by Ryan and Shedd [Ref. 4], plasma~surface interactions could
be more damaging to the target than direct laser surface interaction
camage mechanisma, with unipolar arcing being the predominant mechanism
of energy transfer from the plasma to the target surface. If this is
the case, it becomes important to study the arcing mechanism, and dis-
cover materials and surface preparations that are resistant to unipolar
arcing; thus minimizing the effect of an enemy's laser weapons.

Similar to Ryan and Shedd's study, the emphasis of the study re-
ported by this thesis is the determination of the unipolar arcing sus-
ceptability of various metals, metallic glasses and Poco graphite with
a variety of surface preparations or surface hardening methods employed.
The samples investigated were stainless steel type 304 with polished
and sandblasted preparations, stainless steel type 316, a mild commercial
steel type 1030, titanium, sandhlasted copper, Poco graphite, HY 130
steel, and a metallic glass F°80320’ "Laser glazed" surfaces were also
prepared on both stainless steel types, on AY 130, and on the 1030
steel, and their susceptability to arcing and their structure were

investigated,
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II. 3ACKGROUND

A, OUNTPOLAR ARC PROBLEM

The problem of effects produced by plasma=surface interactions has
been of interest since the beginning of controlled fusion programs.
Interest in unipolar arcing has increagsed in the past few years, as a
result of reports of unipolar arcing in the DITE Tokamak [Ref. 2], the
PLT, ISX, Macrotor, and Pulsator Tokamaks [Ref. 3]. Unipolar arc
damage has been found on test probes, limiters, and on the first wall
in these fusion test machines, and has been shown to be the dominant
damage mechanisnm,

While not of a structural concern, because of the small amount of
surface material removed during the arcing process; unipolar arcs,
due to their large numbers, are the primary source of high 2 impurities
in the fusion plasma. When the amount of these high Z impurities ex~
ceeds a certain level, energy losses due to radiation become so great
that the plasma is cooled below fusion temperature, With this in mind,
it is evident that control of the unipolar arc problem is vital to the
ultimate fruition of controlled fusion programs. Current studies, like
those here at the Naval Postgraduate School, are aimed at discovering

structural materials and methods of surface preparation that inhibit

unipolar arcing.




B. UNIPOLAR ARC MODEL

The model described in this thesis is the one proposed by F.

Schwirzke and R. Taylor in 1978, A thorough treatment and discussion
of all current unipolar arc models; and the initiation and cessation of
unipolar arcing can be found in Ryan and Shedd's thesis, entitled A
Study of the Unipolar Arcing Damage Mechanism on Selected Conductors
and Semiconductors.
3 The condition of quasi-neutrality in a plasma leads to the formation
} of a sheath potential whenever a plasma comes into contact with a wall,
The width of the sheath is approximately that of a Debye length (A.D)
and is given by:

Ap = (kT e/A:meez)%

while the plasma assumes a sheath potential with respect to the wall of

[Ref. 5]:
Ve = (kT /2e) 1n (M;/2nM )
where:
k = Boltzmann Constant
v-Te = Klectron Temperature
“ o, = Electron demsity
: Mi = Ton Mass

M = Zlectron Mass
e = Electron Charge

and the electrical field in the sheath is the order of [Ref. 5]:

B = To/Ay = In (Mj_/zvme)(rcnelcre)5

— e = an .
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Unipolar arcing occurs, with the plasma acting as both cathode and
anode, if the electric fileld strength in the potential becomes high
enough to ignite and sustain an arc. Zlectrons are then emitted from
a cathode surface spot on the wall into the plasma, This serves to
reduce the nearby plasma potential and less energetic electrons in the
plasma can now r2ach the wall, thus closing the current loop. For
this model, s requirement for arcing is an ion density increase over
the cathode spot. The ion density can increase due to ionization of
neutral atoms released from a hot cathode spot [Ref, 51.

A number of mechanisms exist that can lead to production of a hot
spoty including surface protrusions and inclusions in the wall which
produce localized electrical field emhancement, This enhancement will
lead to increases in the ion flux rate from the plasma to the cathode
spots which produce localized heating due to ion bombardment and re-

combination, and evaporation of a wall metal as well as desorption of

gases and vaporization of oil films which enter the plasma, A fraction
of these neutrals will be ionized, then accelerated by the sheath %
potential and fall back onto the cathode spote This serves to in-

crease the ion bombardment rate, acting as a feedback mechanism to

further spot heating and evaporation and to increase the electron

emission from the hot cathode spot, Sheath width is subsequently

reduced while the electric field increases due to increases in local

plasmas density and pressure [Ref, 5].

The locally increased plasma pressure above the cathode spot serves
to produce a radial electric field (Er) tangential to the surface
where I_ is given by [Ref. 5]: '

FORPRR




3, = =(kT /o) (1/n) (dn/r)

This field acts to reduce the potential in a ringlike area about the
cathode spot, The lowered sheath potential allows more electrons to
reach the surface, thus closing the unipolar arc current loop. 4

diagram of this model is seem in figure 1,

. METALLIC GLASSES

All metals found in everyday use exist in the crystalline state,
rather than an amorphous one, because the cyrstalline siruciure always
has a larger binding energy. For a metal to form an amorphous state,
it must be cooled to a temperature threshold called the glass temperature,
Unfortunately, the glass temperature is always well below the freezing
goint of the metal where crystallization begins. Thus, when the
liquid is cooled, it crystallizes long before the glass has a chance
to form [Ref.6].

Amorphous metallic structures can be created by vooling a liquid
aetal rapidly through the liquidus temperature to below the glass
temperature, If the cooling rate is rapid enough, no time will be
available for the formation and growth of nucleation centers. Quenching
rates required for production of metallic glasses are on the order of
106 °s/sec for most alloys.

The primary method used to obtain these quench rates is the one
employed in the production of the first metallic glass, and is called
melt spinning, Molten metal is sprayed onto a rapidly rotating metal
disec which is held at room temperature. The liquid is thereby drawn

into a thin ribbon about three ‘o five microns in thickness,
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The thin metal ribbon, being in contact with a relatively massive neat
sink, solidifies at an extremely rapid rate with quenching rates
exceeding 106 O¢/sec.

Metallic glasses have similar properties to that of the crystalline
alloy. Two properties are different and may play a role in the re=
sistivity towards unipolar arcing displayed by metallic glasses. One,
there are no grain boundaries in the amorphous alloy, and it is this
property that makes metallic glasses corrosion resistant. Two, the
electrical resistivity in metallic glasses, while low, usually is an
order of magnitude above the resistivity of the crystalline alloy;

though it is about one half the value of the liquid [Ref. 7]s

D. LASER MATERIAL PROCESSING
The physics of laser-surface interactions is quite complex and
shall be discussed only generally. The results of laser-surface inter-
actions are sometimes quite novel and interesting, and a number of
a these results shall be discussed,
l. Laser-Target Interaction
The process of laser-target interaction, whether the interaction
takes place in a vacuum or at atmospheric pressure, follows these

steps [Ref., 38]:

a, Absorption of electromagnetic radiation within a skin depth
i be Heating and vaporization of surface
: Ce Ilectrical breakdown in vapor, plasma production
d, Z=xpansion of plasma
e, Generation of plasma shock waves

foe Momemtum transfer to target from moving plasma

<3

|
!




ge Generation of shock wave (stress-wave) in target

n. Late burn off of material by the hot plasma

i. Dissipation

The initial radiation falls on the target surface and interacts
with the conduction band electrons in the skin depth. These electrons
respond collectively to the field and the energy absorbed through free-
free transitions or electron collisions with imperfections. The skin
depth is a function of the wavelength of the incident radiation (wave=
length A), the plasma frequency for the conduction band electrons
(wp)y refractive index (k), and electron collision time (?*). The

skin depth,d , is given by:
J‘: A -J
4k (Wywpy T ) TRY

where:
e = density
1 = permeability of the material

v

radiation frequency
For 304 stainless, the skin depth of 1,0éum radiation is approximately
260 angstroms.

As the radiation is absorbed and surface temperatures in the
focal spot start to rise, a decrease in the reflectivity occurs, en~
abiing further radiation to be absorbed till melting and then vapori-

zation of the surface is achieved, with an evaporation rate given by:

R, = exp(=w/kT)

Jhere:




w = 3inding energy

k = 3Boltzmann constant

5 T = Temperature

Ionization of the vaporized material is approximately cne percent (17)

according to the SAHA equation [Ref. 3]:

3
a = ./2PiPn * (kT);ﬂ /i ) (mee/h) 4exp (-eVi/kT)

Pi and P_1 are partition functions for the ions and neutrals.

Absorption of the laser radiation in this gas proceeds via

inverse Bremsstrahlung. As evaporation proceeds and gas breakdown

occurs, a well developed plasma profile develops, and laser radiation
may be entirely cut off from the surface. The plasma plume expansion
rate is about 105 n/sec and the target material now starts to ablate
due to plasma-surface interactions.

The radiation pressure of the incident laser pulse and the
opressure and shock caused by recoiling material can be tremendous over

very short time scalese A simple calculation of the surface pressure

5

involved would show a plasma exerted pressure on the crder of 1l.58 I 10

atmospheres, with n_ = lOZl/cmB, and kT = 100eV using the formuia [Ref. 9] :

D= nekT wnere:
a_ = Plasma densiiy

: X = Boltzmann constant

: T = Plasma temperature

A more in depth analysis of the physics involved provides an expression

for the surface pressure during laser-target interaction o e [Ref, 3]:




P = (Fo JET /u / (Lv + crv) where:

’
n

Absorbed power density

)
k = Boltzmann constant

Tv = Vaporization temperature

@ = Mass of target material

LV = Lateny heat of vaporization

(@]

Specific heat of solid

Actual physical measurement of the surface pressures involved
during laser-target interaction has been done by a number of researchers.
Ready [Ref., 10] found that, for a laser energy demsity of 2.3 X 10°
H/cmz, a peak surface pressure of approximately 100 atmospheres was
obtained using a 203 stainless steel targete Krehl et.al. [Ref, 11]
found that, for a laser energy density of about 2 X lO9 N/cmz, a peak
surface pressure of approximately 780 atmospheres was obtained using
an aluminum target, while Schriempf [Ref. 12] writes that a 100 Megawati
peak power pulse, absorbed in an area of lO-4 cm2, exerts a pressure of
approximately 200 atmospheres,

With energy densities on the order of lOlO '.J/cm2 for ithese ex-
periments, it is felt that surface pressures on the order of 15,000 psi
were obtained., Though the 15,000 psi pressure is below the fracture
strength of the various steels used for this thesis, it is cer+ainly
in {the elastic deformation regime.

2. Laser Processing Results

The techniques used in laser processing of materials include

transformation nardening, deep-penetration welding, drilling, Laser
) e ’ &9




glazing and shock nardening, Of particular interest and relevance to

this thesis, are the surfaces produced by laser glazing and shock
nardening,

The technique used for laser glazing involves rapidly traversing
the surface of a material with a laser beam focused so that a power
density of 10% to 107 W/cm® is obtained at the material's surface.
Laser shock hardening attempts to work-harden materials with the blast
wave that accompanies rapid surface vaporization induced by pulsed
lasers at very high power densities, over lO9 w/cmz. Though laser
glazing was not strictly done in this thesis's experiments because of
the use of a pulsed laser, quenching rates were of the same order, while
power levels were on the order of 10%0 W/cmz.

The procedure used in laser glazing results in a thin melt~
layer with the substrate remaining cold. With the steep temperature
gradients involved, rapid solidification of the thin melt layer takes
place, with quench rates in excess of lO8 0C/sec for melt layers of
one to ten (1 - 10) microns thickness., Obviously, with quench rates
that rapid, production of amorphous films are easily obtainahble in
certain alloys,

Using the laser glazing process on M2 tool steel, with a gquench
rate of approximately 5 X 105 OC/sec, a glazed surface layer displayed
an extremely refined and homogeneous microstructure. The layer con-

sisted of a two-phase matrix of J ferrite and austenite () with a

~

low concentration of fine carbide particles [Ref. 13]e Laser glazing




M50 alloy steel, but at a faster quenching rate, produced similar

results with only very fine carhide particles being resolved in the
melt layer at high magnifications, and a hardness increase of 200 DPH
(diamond pyramid hardness) over the substrate [Ref. 14].

Shock hardening techniques produce similar and sometimes
greater increases in hardness than the laser glazing technique. It has
veen noted that martensite can be induced to form in the austenitic
stainless steel type 304 ut not type 316 [Ref. 15] by cold working;
and, it seems plausible that surface layers of martensite can be formed
by laser shock hardening 304 stainless and possibly other steels as
well, It is expected, though not in the case of 204 stainless, that
the hardened regions will be more corrosion resistant than the base

metal due to the homogenity of the hardened surface layer [Ref. 14l.

8




III. ZXPERIMENTAL DESIGN

A. IQUIPMENT

The equipment used for experimentation included a medium power
neodymium glass laser and an evacuated target test chamber, a scanning
electron microscope, and two optical microscopes; the latter being used
to study surface damage on test samples. Figure 2 is a schematic of
the laser and test chamber.

The optical microscopes were used to study the surface preparation
of ail test samples. The neodymium glass laser was used to irradiate
sample targets in the lest chamber, thus generating a hot plasma,

ter exposure to the laser-produced plasma, each target was studied
using both the optical and scanning electron microscopes to determine
the degree of plasma-surface interaction.

1. Laser

A KORAD EK~1500 J-switched neodymium doped glass laser, with a
vavelength of 1,06éum, was the source of energy for producing a ho=®
dense plasma over the target surfaces, A detailed description is ziven
by Davis [Ref. 16]s TFigure 2 is a hlock diagram of ‘he basic system.
The output emergy of the laser was variable in the range of 0.2 - 15
Joules with a nominal 25 nanosecond pulse width. Zor these experiments
the laser was operated at an output of approximately 3 - 15 Joules on

2 to O.2cm2. Tor

target with focal spot sites varying from 0.5 X 10~
metailic glass experiments, {ilters of varying transmittance were ine

serted. Laser total output energy was measured using a laser precision

RK - 3200 3eries Pyroelectric meter,

29
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2., Target Test ber

The target test chamber used was a six-inch cube of urbaked
aijuminum with an internal volume of 12,2 %+ 0,3 liters. The vacuum
system was capable of providing pressure down to lO'7 Torr. Laser
beam alignment was 30 degrees from the normal of the target surface
face.

3e tic scope

A 3ausch and Lomb 3alpian stereoscopic light microscope and a
Zeiss microscope were used to observe and photograph th: target
surfaces, Optical magnification available was from 100 to 100CX, with
most work being done in the 100 - 200X range due to depth of field
problems at nigher magnifications., These microscopes were also used
to determine the depth of unipolar arc craters after laser irradiatiocn,

4e Scanning Zlectron Microscope

The scanning electron microscope (SIM) used was a Cambridge
Stereoscan 34 - 10, which nas a range of magnification of 20 w 210C,30CX
with most observations conducted in the 200 -~ 12CCX range. The CiM
provides a large depth of field, that is auch better than the opticali
aicroscopes, and is an invaluaile tool for surface damage evaluation,
Also used with the 3EZM system was a Princeton Gamma Tech energy disper-

sive x-ray analyzer.

3, PROCEDURED
The experimental procedures can be separated into three distinct
steps: target preparation, olasma-surface interaction, and surface

jamage evaiuation, Target preparation consisted of target machining

[if necessary', target polishing using stanaard aetallographic
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procedures, and target examination under the optical microscope after

polishing, The second step of plasma=surface interaction was then
accomplished in the plasma laboratory of the !laval Postgraduate School
using the neodymium glass laser and target test chamber with varying
pressure conditions, Surface dama¢ ° evaluation was accomplished by ex-

amination of each sample under bot: the SEM and the optical microscopes,

-

l. Target Preparation
The targets consisted of 1030 mild commercial steel, type 204
and type 316 stainless steels, titanium, copper, carbon graphite,

fdY 130, and Fe metallic glass ribbon. The 1030, 304, 316, Poco,

30720
d7 130, and titanium targets were polished using standard metallurgical

techniques with a final polishing slurry of 0.05n A120 The carbon

3¢
graphite targets were shot unpolished and polished, The copper and
some stainless steel (304) targets were sandhlasted using 300 grit 34%
silica at an operating pressure of 25 psi. All commercial metallic
glass targets were shot as received, with no surface preparation other
than acetone cleaning, All targets were examined optically prior to
irradiation at magnifications to 4C0X for comparison with target

surfaces after plasma exposure,

2. Plasma-Curface Interaction

Zach target was cleaned with ethyl aicohol and then acetone
prior %o being mounted in the test chamber., The target chamber was then
evacuated to a pressure of 10'6 Torr and the laser {ired at energy
levels varying from 3 to 15 Joules with a nominal pulse width iIn the

>switched mcde >f 25 nanoseconds., 3Sreakdown of target surface naterial

(V)
N




was achieved, producing a hot (k’I.‘e = 100eV), dense (ne - lOZl'/cmB),

and approximately hemispherically shaped plasma which established the
sheath potential, relative to the target surface, necessary for unipolar
arcing. o external voltage was applied,
3. Surface Damage Investigation

Specimens were examined and photographed using the optical and
scanning electron microscopes, Unipolar arc damage, if any, was evalu-
1 ated, crater density determined, and arc crater depth at various radii
] from crater center measureds The depth of molten surface effects was

measured using an etched target cross section,
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f I7. EXPERIMENTAL RESULTS

Plasma~-metallic surface interactions were evaluated using targets
of types 304 and 316 stainless steel, 1030 mild (Rockwell 3 of 42) com=
; mercial steel, titanium, Poco graphite, sandblasted copper, I¥ 1230,

F930320 (a commercial metallic glass), laser produced surface metallic
glasses on types 304 and 316 stainless, 1030, and HY 130 steels, and
. Fe80320 metallic glass that had been annealled for two hours at 330 ° ¢
to allow crystallization of the glass to begin,

A. CONDUCTORS
; 1. Titanium

6 Torr and at

99.,9% pure titanium targets were shot both at 107

atwospheric pressures. Laser energy on target varied from 11 to 14
Joules with a focal spot diameter range of 0.4 to O.6mm. The main laser
crater size averaged O.7mm in diameter with subsequent molten zZone ex-
tending an average distance of 0,25mm from the main crater, Diffraction

: of the laser light by the plasma created a series of molten concentric

i»i‘ rings about the main crater out to an average radius of 1,0mm from the
lager crater rim, Total area of the plasmawsurface interaction region
averaged ASmmz, 2Omm2 more than the stainless steels affected region,
even though titanium has a slightly higher melting point (1675 °C vs.

: 1595 °C). Figure 3 is a photograph of a main _aser impact crater

E showing the outward {low of once molten material, while figure 4 shows

an exampie of the diffraction produced concentric >ings.




Figure 3, Titanium, Typical main laser impact crater
and molten surface effects (100X optical)

figure 4. Titanium. Concentric rings of molien
adaterial apparently produced by diffraction >f
laser pulse (200X spiical)
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Figure 5 shows an area immediately outside the diffraction rings, and
the unipolar arcs produced by the plasma surface interaction, This
figure shows an area of moderate unipolar arc density with about 570
arcs/cmz, with the appearance of the arcs being smoothed over due to
the flow of molten metal at the surface layer. Apparently, arcing in
this region occurred during the solidification oprocess. t is inter-
esting to note, nowever, that only in the titanium was arcing found to
be taking place over the entire l.25cm2 target surface, albeit at a
low arc density. Figure 6 shows unipolar arcs found 2,5mm from the
main laser crater rim, It is apparent that the plasma density and
temperature required to initiate unipolar arcing in titanium is less
than stainless steel, tut the amount of crater material removed (dam=
age) and arc density per unit area is less “han that >f stainless steel,
Unipolar arc craters cobserved at a radius of 2mm or greater from the
main laser crater (see figure 6) measured 2,0 “o 14.0um in diameter,
with a depth of 1,0 to 5.Cum. Irradiation of titanium targets in the
atmosphere produced similar effects, but the diffraction ring patierm
size was reduced tc a diamever of O.85mme Unipolar arc densities were
approximately the same at the cessation of mol%ien surface effects.
Figures 7 and 3 show typical results for laser irradiation of titanium
at atmospheric pressure,

2, Poco 3Sraphite

Carton grapnite composites have been suggested for use as limi-

ters in fusion reactors, Poco graphite target material was supplied
commercially, and was irradiated both polished and as suppliede Laser

SW.se wnergy on ‘target varied Irom 11 to 15 Joules/ruise, TFigures ?
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Figure 5, Titanium., Unipolar arcing at the edge of

5 ‘s 2
we molten surface effects with 570 arcs/ca
(650X SIM)

Tigure 6, Titanium, Unipolar arcs found at a
£ 2,°mm from the cessation of molten sur-
face =ffect3  [5COX optical)
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Figure 7. Titanium. Molten surface effects pro=-
duced by irradiation at atmospheric pressure
(240X SEM)

. ; TR 3 : .ol
Figure 2, Titanium. at the edge >f moliten
‘ surface effects {2400X ZZM)
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and 10 are 5IM photographs at 250 and 14C0X magnification respectively,
of the target material with no surface preparation, while figures 12
and 12, at 260 and 550X magnifications, show the target surface after
polisning with a 0,05 micreon siurry of A1233. As can be seen, the sur-
face of the material is sxtremely corous making unipolar arc detection

difficult.

2

gure 13 shows ixe zaln laser crater produced by two suce
cessive laser pulses of 14 and 15 Joules on itarget (crater depth meas-
ures approximately O.35mm) while figure 14 shows a view of the crater
center at 500X, Figure 15 is a view of the large crack, at 100CZX,
radiating from the crater center, produced by laser shock effects, a
graphic illustraticn of the brittleness of the materiale, o areas of
unipolar arcing can be seen in these photos, at least no cathode spots

could be distinguished amidst the porous surface; however, the surface

appears to have undergone erosion or ablation by the plasma, apparently
revealing the microstructure of the material, The erosive effect of
the plasma can be more clearly seen in figures 16 and 17, which are
7iews, near the main crater's edge, of a polished carbon itarget *hat
aad been irradiated at 11.2 Jjoules, The edge of the main laser crater
can e seen in the upper right nand corner of figure 16, while the ero-

. sive effect of the plasma on the carbon surface can clearly be seen in

figure 17 when it is compared with the view of a polished unsho®t sur-

face in figure 12, Tor the “wo shot sequence, surface atlaticn was seen
over an approximately elliptical area with 2 major axis of 2.12mm a2nd a
ainor axis of 7,08mme Ablation depth varied radially with a cessaticn

52 plasma surface 2ffects at 2 4.07mm radius Srom crater center aiong

-

to a 5 to 7 aicron erosion depik of the original surface

wWle Dajor axis,
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Tigure 9,

Figure 10, Poco graohite,
(1400%X 31M)

Jnpolilished surface
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Figure 11, Poco graphite, Surface produced bty
polishing with a 0,05n slurry of A1203 (260X SIM)
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Figure 12, Poco graphite., Polished surface (650X 3=M)




Figure 13. Poco graphite, Main laser impact crater
produced by successive pulses of energies of 14 and 15
Joules (50X SEM)

Figure 1 Poco graphite., 7iew of main laser impaci
crater center (500X 3iM)




Tgure 15. Poco graphite. View of the crack radi-
ating from main laser impact crater (1000X SEM)
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Figure 16, Poco graphite. »Polished surface after ex-
posure %o plasma. Main laser Impact crater edge is vige
inle in upper right hand corner (260X SEM)
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gure 17, Poco grapnite, Close up view of surface

shown in previous figure

-

(650X S=M)

Tigure 13, 2oco graphite. Main laser Zapact crater
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at the edge of the laser cratsr, A polished target irradiated at 11,9
Joules, with a focal spot of O,4mm diameter, had a main crater of 1l,5mm
diameter and a depth of 0,25mme The plasma-surface interaction area for
this pulse was nearly circular in shape, with surface effects noted at
a radius of 3,5mm from crater center, Surface erosion, for this shot,
at the edge of the _aser crater again was about 5 microns with a series
of concentric rings of ablation seen at the edge of the plasma =ffects.

It was found that the diffraction eff'ect, seen as concentric
rings of molten metal or unipolar arcs on *the metallic targets, was ap-
parent on carbon targets as a series of concentric rings of anlated
naterial, This tends to confirm that the rings seen cn the zmetals are
not solidified surface waves on the once amolten material, igure 138
shows the results of an 11.9 Joule forward shot on a polished target.
The concentric rings produced by the 2iffraction effect can be clearly
seen on the lef% side of figure 18, while figure 19 shows a ciose up of
the rings. The shiny areas in figure 1% correspond io an untcuched or
still polished surface while the dark areas correspond to the ablated
surface, The depth of ablation varied along the rings, but stayed close
to an average '"peak to trough" depth of 5 microns.

One target, with no surface prenaration, was irradiated at an
energy of 10,78 Joules and a focal spot diameter of lmm. The zmain cre-
ter, as seen in figure 20, in this case was not as well defined as the
focused shot craters were; nowever, the area of surface plasma effecis
was approximately 30mm2, which is the same order as the 38mm2 plasma=
surface interaction area for an 11,9 Joule, J.4mm diameter lccal spot,

shots Tigures 2, 22, and 23 show an area abutiting the edge of the

-
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Mgure 19, Poco graphite. Close up view of dif-
fraction rings. 3right spots correspcnd to still pol-
ished areas (125X optical)
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Tgure 20, Poco graphite, Unpolished surface after
2jcused laser irradiation at 12.75 Joules (260X I3ZM) ;
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Tigure 21, Poco graphite, Unpolished surface area
abutting laser impact area (260X SIM)

Mgure 22, Poco graphite. Unpolished surface shown
in previcous figure at nigher magnification (650X SIM)




- N8 Fa o ‘*;!!iii“
Figure 23, Poco graphite. Tnpolished surface, as In
orevious figure, at higher magnification {2600X SIM)
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Mgure 24, ?Pocc graphite. Tnpolished surface area
near main laser iapact crater (13CCX 332M)
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nain laser crater, at successively higher magnifications, while figure
2, shows an area at 1300X, ilmm away from the laser crater, As iIn the
polished sample shots, some etching of the surface is noticeatle at the
nighest magnilications, revealing the microstructure of the naterial;
andy as with the polished samples, no unipolar arcing effects could be
discerned amidst the porous and irregular surface, only erosion effects
vere noticeable,
3¢ Type 2304 Stainless Steel

Polished 304 targets were irradiated with on target energies
varying from 9 to 15 Joules. Average focal spot size was O.4mm in di-
ameter producing a main laser crater of 0.4 to O.9mm in diameter (see
figure 25) and an average depth of 30ume The plasma damaged suriace
area averaged in size 20 to 28mm2, with an area of molten surface ef-
fects of approximately l‘mmz. Figure 26 shows the periphery, 2,7mm
{rom the nain laser crater, of plasma interaction with a unipoiar arc
crater density of BOO/cmz. Craters at a distance of 2.5um from zain
crater rim measured from 3 vo 10um rim {o rim diameter, and aad a depth
of 1 to éum. Clrater densities close in to the main crater appear to ex=-
ceed lCO,DCO/cm2 as previous researchers aave noted [Ref. 4). Tigure 27
shows the result of laser pulse diffraction by the plasma, croducing
concentric rings of molten material about the main crater,

A number of <iype 304 stainless steel targets were sandblasted
with a 300 grit of 84% silica content, at 35 psi, o determine the sus=
ceptability of sandblasted steel to unipolar arcing. ISgure 28 shows
a typicai surface produced oy sandhlasting stainless steel type Cie

After sandhbiasting, a target was Irradiated with ‘wo laser pulses of




Vi

-

Pigure 25, 204 3tainiess, Main impact crater
(120

igure 26, 204 Jtainless. Unipolar arcing at J.7mm
Srom main laser impact crater (25007 SIM)




Figure 27. 204 Stainless, Typical molten surface
effects and diffraction pattern (130X 3EZM)
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Tigure 28,
ture produced by sandblasting (220X 3IM)
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TMgure 29, 3Sandblasted 204. 7View (center)
surface =f{fects after irradiaticn 120X ZIu)

Sandhblasted 204, Typical surface struce
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energies 9,38 and 10,63 Joules at the same focal spoit. This two shot

sequence was dcne w facilitave finding the main laser craler amid <he
extremely ~ough surlface, =igures 29 and 30 showv the central area 57

the main crater, while figures 21 and 32 show tyrical zmolien surface
erfects approximately 1.lam Irom the main crater center., as can be seen,
it is extremely difficult %o find evidence of unipoiar arcing amid zhe
rough surface and cluzier, 11 1s apparent that tie unipclar arc density
is lower in the sanatiasted targetl acwever, Jnipclar arcing was ncticed
at a density oI aporeximately SOC arcs/cm2 at a 3distance of approximately
lefmm Irom crater center; Lowevir, teyond tnis distance azlmost no uni-
pcliar arcs cou.d ze Iiunis It Iz Jelt that the arcs seen were Jormed
oredominately on the secona shet alter the sandiblasted surface had under-
gone meiting, It i3 zacught that the sandblasting leaves a few atoms
thick coating, alcong with a large nuambter of embedded grains, of :i02
on the steel surface which, iIn Turn, acts as innicitor o arc initiation,
even taough there are a large number of jagged surfaces produced by <he
sandblasting that act as electiric field ennancers. igure 33 shows zn
area (45° Srom normal) a%t the 2dge of plasma~surface Interaciicn effects,
while figure 34 shows a2 corresponding x-ray spectral analiysis of the
area, A silicon line is shown, though this cannot e attributed %o 3iC
since 304 stainless has a zaximum 3i content of 17 by weigh*t. Iigure
25 shows an area (43° Srom normal) immediately teyoné “he plasma inter-

action area, Jorresponding %o figure 25 is Zigure 26 which shows

scintitlations produced oy x-rays Sfrom silicon iIn that fargei area.

<
-

AWS]

o s b




.

.o
..
.
-
~.
=
. ]
.
-
e
% o
> N X
hd
* 4
o

..¢"

¢

L

TMgure 30,
surface effects

Tigure Zl. 3

seen at Z.lmm Srom main crater center

Sandblasted 204.

(520X S2M)

andtlasted 2Cde.

Zlose up view of nolten

Mclten surlace =ffects
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Tigure 32, Sandblasted 304, Area of previous fig-
ure seen at higher magnification (2100X 3zM)

Tigure 33, Jandblasted 304e Area seen near cessation
of molten surface =2ffects, Jote unipoiar arc in upper
right nand cormer (2200% IIM)
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Figure 34. 3andblasted 304. Z~ray spectrum produced
by area in previous Iigure. Lines (left to right) are:
aluminum, silicon, manganese, chromium, iron, iron, and
nickel,
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Tigure 25,

cessation of

Sandblasted 304,

surface =2ffects

ur:ace séen av
(22CCY cS=M)

Tigure €. JSandblasted 3C4. Ccintillations Jrenm
X=rays Sreom s3illcon, Zach spoi > light cocrresTonas
®=-ray radiaticn sSecelved Irem area In treviocus Jigur
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Le HY 2120

HY 130 is a 5 Ji=-Cr=Mo=V steel containing less than 0,12 per-
4 cent carbon and has a minimum yield strength of 130,000 psi, and a high
degree of toughness.e The microstructure is predominately tempered mar-
tensite, with the steel being developed for use in the United Itates
llavy submarine hull construction. Target material was obtained from a
thesis student of Professor Challenger and was cut from a cast block
with a hardness of Rockwell C 32, and a composition as Iisted in Appen-
dix A, To the knowledge of the author, this is the first time that a
tough, high strength, martensitic steel has been tested for suscepta-
bility to unipolar arcing.

One polished target was irradiated in the target chamber at a

-6 - : -
osressure of 10 ~ Torr, a focal spot diameter of QO,35mm, and a laser

pulse energy of 12,14 Jouless The main laser crater shown in figure 37
aeasured J,56mm in diameter and had a depth of 15 microns, Three uni-
polar arcs can ve seen immediately outside the crater amidst a surface
w“here sputtering had apparently revealed the martensitic microstructure,
The two larger unipolar arc craters shown in figure 27 measure C.C97mm
in diameter and 12 aicrons in depth., Plasma surface effects were ncted
over an area of approximately 5mm2, only one quarter that of stainless
steel at the same pulse energy and focal spot size. IFigure 38 shows an
area where the left side of the figure is O.°mm from the edge of the
Jain crater rim, The area shown covers O.6Acm2 and shows 27 arcs upon

careful search, which corresponds to an arc density of 42 unipolar arcs/

2 . : . . ; i -
cm~, The Largest arce craters shown in this figure have a diameter of

2el67mm and a cathode spot of 0,010mm diameter, Tigure 39 shows an area
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at the opposite side of the main laser crater from figure 38, where the
top edge of the figure lies O,7°mm from the nain laser crater rim, The
area shown covers O.5lcm2 and has 20 unipolar arcs or 29 arcs/cmz.

Come plasma erosion of the surface is apparent showing the microstructure
of the steel, though che erosion is not as severe as that near the main
laser crater, The largest unipolar arcs in this figure measure 3,076mn
in diameter and have a cathode spot size of 0.,017mm diameter.

Tigure 4. is a photograpn of the pclished surface of cast Y 120
showing a porous surface typical of cast steels, It Is felt that the
large cathode spots seen were initially pores in the surface that
served as initiators to unipolar arcing and that the large diameter of
the spots was at least partly attributable to the pore size, It appears
that the number and distrioution of the large arcs corresponds ic the
aumber and distrivution of the surface rores,

The material removed from these super sized arcs may de as
auch as 100 times the amount removed in a2 Itypical stainless steel uni-
polar arce Itv is important o note, however, that stainless steel arc
densivies can easily approach or exceed 100,300 arcs/cm2 at a distance
of O0u75mm from the main laser crater with 12 s.ules cn target, as comm
sared with the sbserved 39 unipolar arcs/cm2 at 0.7%mm iIn Y 120, with
six of these being "super" arcs, Iigure 4C shows the largest nipolar
arc found on the I7 120 target, an arc which meagures Z.14Cam ria o
riz, nas a cathode spot of 0.022mm diemeter, and was found at a dis=-
tance of 0,20mm from the aain laser crater cuter rim, Iven laking

these "super" arcs iInto account, assuming they contritute approximately

120 times the material %o the plasma than an average swainiess steel
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Mgure 39, {7120, Top of figure is J.7%mm {rom
adain laser crater, !lote extremely large arc craters
(160X optical)

&
0
NS

Figure 40. ¥ 130, Largest unipolar arc
Jeasures J,14Cmm diameter with a cathcde spo
3,022mm 1 2C0X optical)
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Flgure 4i. dY 130. Polished surface showing porosity
of the cast material (100X optical;
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unipolar arc, the zmaterial contributed to the plasme via unipolar

arcing from HY 12C was at least three orders of magnitude less *han
that of type 04 stainless, a substantial decrease and one deserving
a mere thorough investigation,

5. Zopper (Sandblasted)

One copper target was sandblasted using the same procedure as
that that was used with the 304 stainless., again, grit size used was
200, with operating pressure of 35 psi. After sandhlasting, the target
was irradiatea with two laser pulses of 9,52 and 10,55 Joules in the
same focal area on target. Again, this was done to aid in lccating,
witn the 5EM, the laser damaged area amid the extremely rough surface.
Figure 42 is a photograph of an area near the main laser crater center,
The total area of molter surface effects was approximately lZ:nm2 ut ne
peasurements of crater depth and diameter were possible due to the
roughered surface, Iigures 43 and 44 show, at successively zigher mag-
nillcations, an area near the center of laser offects, These figures
show extensive meiting cIf the surface and a number of unipolar arcs;
aovwever, even at the center of the plasma effects, there were areas
that showed no interacticn effects, Iigure 45 shows an area approxi-
dnately lom from the cenver of plasma effects, Again, extensive meliing
of the surface could be geen, however, no unipolar arcs could be seen,

The elfects noted above were in xeeping with the theory ha% an
SiO2 coating on a conductor will inhibit unipolar arcing. Comparing
these results with %hose >f 3arker and Rush's _Ref., 17], who irradiated

solished ccpper, the amount of plasma surface iInteraction was auch less

>n %he sandoiasted surface, 3arker and Rusn Jound that, Zor a 2 Joule

AT ——
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Flgure 4<. 3Sandblasted copper. View of main laser

impact crater (530X 3iM)
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Figure 42. Candblasted copper., Increased magnifi-
cation view of nain crater (12CCY CIM)
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Tigure A4e Zandblasted copper. Tnirolar arc seen at
right, found in main laser crater {232C0X ZIM)
’ -

gure 45. Sandblasted copper. View of area a%
cessation of molien surface elfects (200X SIM)
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Tocused pulse, the total damaged area was 3..4mm, while 20 Joules on

. 1A 2 (-
a sandblasted surface damaged 12mm~ and produced few unipolar arcs,

Mgure 46 shows the irregular surface produced by sandblasting, while

figure 47 shows ithe silica concentraticn at the surface seen in Jigure 435,

be Type 316 3tainless 3teel

A single polished target of 316 stainless steel was Irradiated
with a pulse energy of 12 Joules and a focal spct diameter of C,’am.

The elliptically shaped laser crater produced vy this pulse is showm in
figure 48, The dimensions of the main crater were OJ.4mm mpincr axis, and
O.7mm major axis, Depth of the crater varied tut averaged abcui 20um,
The total area of molten surface effects was approxima‘ely lmez,

about 3mm2 less than the average 204 stainless molten area.

Figure 49 shows an area, located near the main laser crater =im,
and is a typical example of the plasma produced molten surface eflects,
Some unipolar arcs that were formed very early after plasma procducticn
and then "washed out" by ensuing moliten surface effects can e seen,
Tigures 50 and 51 show the arc densities obtained at radii of 2 and 2,7
am respectively {rom the maln laser crater center, with a unipolar arc
density of 6OO/cm2 Sor Zigure 50 and BSO/cm2 for figure 51. Of no%e
are the numerous craters, varying in diameter from 2 %o 4 aicrons that
appear to have Zormed very early afier plasma initiation and had their
crater and cathode spot 2roded over oy laster plasma =ffects, suggesting
that arc initiation was casy for some reason, tut that arc cessation

vas rapidly obtained,
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Figure 48, 316 Ctainless, Main laser iopact craver
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Tigure 20. 316 3tainless., Inipolar arcing found at
2,Cmm from main laser impact crater (650X ZIM)
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Cne polished target of 1020 steel, with a hardness of 42 on the

Rockwell 3 scale, was irradiated by a laser pulse with an energy of 1l.6

Mt eann

Joules and a focal spot diameter of J.,2mm. A zain laser crater, seen
in figure 52, with diameter of 1.2am and a depth of 25 microns, was
produced which covered a considerably larger area than the stainless or
iY 130 crater areas. Molten surface sffects were seen over an area of
. v vl s . . - . .
approximately 1fmm™; however, with a cessation of unipolar arcing about
3mm from main laser crater center, Those numbers correspond 2imost ex—

q actly to those of 304 stainless, Tigure 53 shows an area that was ap-

proximately 2am distant from the main laser crater with 43 unipolar arcs
. . 2 . . . . A

appearing in the 7.3mm~ area; which corresponds to an arc density of

615/cm2, a density closely paraileling that of the stainless steel

targets at the same radial distance,

t

3. METALLIC 3LASS

1

For this part of the experiment a2 ccmmercially prepared zetallic

glass alloy ?e3032O was irradiated a% snergies ranging Irom 1.2 fo 15

: soules, with focal spot diameters varying Irom J.4 to Smm. Also, ate
tempts were nade <o zroduce aetallic glass-like surfaces on 37 13C
steel, 102C 2ild commercial steel, and on %ype 304 and <ype 216 stain-
~28s steel, and then irradiate tnese zlass surlaces o lJetermine their
susceptatility <o unipolar arcing.

. Two different apprcaches were “aken in an attempt 0 troduce netallic

glass surfaces on 2C4 stainiess, 106 stainless, _23C, and {¥ 1:C steels,
The first apprcach was Lo discover the =nergy density reguired Ior :in-

set of zlasma creducticn in the mezal, and <hen irradiate the surface
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Tigure 33. 1020 Steel. ‘mnipolar
disvance Irom aain laser crater

-

¢s found at Z..mm
2T

Sl




TR TN

at energy densities just below this value. Ryan and Chedd "Ref. 4]
reported that in type 204 stainless steel they were able to produce |

areas of surface melting without plasma production, and *hat these

surfaces resembled a metallic glass in that taey were mcre resistant |
to etching than the surrounding metal surface, This approach was taken
only with type 304 stainless as it was deemed ineffective for zroduction
of areas larger than 0.0Bmmz.
The second approach was one of brute force otut one which i3 Ze-
Lileved to e basically sound, Zach target was irradiated at energies
varying from 3 tc¢ 15 joules with focal spots of approximately C.Zom
diameter, with 3 %o 7 shots in close proximity; thus producing large
areas of molten surface sffects, It was thought that these areas should
be similar in structure to metallic glass, or, if not, should e of very
fine microstructure and free of any surface contaminants that aid in
unipolar arc initiation, In fact, using a theoretical model as was
done by Xrenl, Schwirzke, and Cooper [Ref, 11}, it was found that o
stainiess steel, the time Detween surface zeliing and resclidification
and return to room lemperature starting at the arrival of the incident
pulse was approximately 1 millisecond, which, with a melting *emperature
of 1595°C, Zives a cooling rate well in excess cof l,OOO,JOOOS/second.
The 1 miilisecond value should be regarded as an order of magnitude one
since assumptions n2ade for the model assume incident unifscrm radiaticn,
a one dimensiocnal heat flow, all incident energy aobsorbed and 20
shielding by a plasma layer at critical density, and that the thermal

properties o the steel do not change with temperalure, nor ikast 1%

e N

uncdergoes a2 tnase change and that the laser duise 1s Gaussiane




The equation for the change in temperature is given Ty:

VAS 1 q .
In2 7 r2 T
AT(zyt) = =2 (22 )F (2 e - LQ'ETJ‘) )
q:l 2
{ ﬁ_‘j— @ =<\ -2
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=0
(foppo B L d=2 . (Em*1)draz,
3 x /
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where 24 and PO define a pulse width and amplitude for a rectangular
oulse having the same energy as the Gaussian laser pulse, and thae
Gaussian pulse as a sum of q columms of equal width ¥, X is zhe
thermal conductiviiy, k is the thermal diffusivity, q = 23 /T is the
aumber of columns, T (sec), z is the depth (cm) from the far side =7
the target of *thickmess d(cm), 7alues used for 304 stainless were

T= Snsec, q = 55 K = 0u5 wem'ky k = C.lcmz/sec, and P = 2577 i/ ca®.
Jor a thorough treatment using an aluminum target see Xrehl, Schwirike,
and Cooper [Ref. 16]a Also, as was discussed earlier in Chapter II o7

this thesis, itransient surface pressures were about lQA osi at ths

&

Jccal spot due to radiation pressure and recoil ol vaporized aterial.
These radical temperature and pressure changes, it was Jelt, zaculd

oroduce a zevallic zlass surface layer or, at the very leasi, i zaxi

surface layer wWitih an extremely Iine aicrosiructure.




le Metallic Glass Fe

80220

Tour shots were made with a Smm diameter focal spot and =n-

ergies on target of 8,1, 8.6, 9,3 and 10,6 Joules., At these energy
densities, there were no discernable plasma effects noticed on these
samples when compared with an unirradiated sample of the zetallic slass
alloy. A shet was then made with a focal spot size of C.4mm and an
energy o 11.R5 Joules, The laser shot burned through the ritbon,
creating a hole of l.,0mm diameter, and a small amount of splattering
confined to within a 0.35mm radius of the edge of the hole, There is a
significant amount of surface melting within the 0.25mm radius, and a
snall number of what appeared to be unipolar arc craters formed when
the alloy was still molten; however, cutside this zone, no evidence of
unipolar arcing was found with the surface teing examined at magnifi-
cations up “o 100X, TIigures 54, 55, and 56 show areas, at successively
nigher n iZication, immediately outside the main laser crater. The
arc craters In these pnotographs deasure from 6 to 20um in diameler

and are comparatively widely spearated,

A sample of <he FeBOB20 metallic glass was taken and annealled
at 380°C for two aours, as per Walter, eteals, [Ref. 12] to initiate
crystallization of <he zmetallic glasse This sample was then irradiated
al an energy of 11,7% Joules and a spot size of J.4mme The 2ole created
by the laser sulse was again 1.0mm in diameter with splattering sut w0
a radius of C.imm from the edge of the crater, Figures 57, 38, and 33
show areas, as bdefcre, at successively nigher magnificaiion, 2.2 e L.Clom
sutside the acie urned shrough “he »idbons As can te seen, arcing

123 sccurred and at a greater densiiy than the unanneallzd Fe303¢0.
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Tigure S4e Metallic glass. Typical surface effectis
seen near _aser "burn through! edge (320X ZIM)

Figure 55, Metalliic glass. srea near the cessaiicn
sf surface effecis (J.25mm) (23CCX -




! Tigure I€e detallic glass, Close up of unipolar arc
and molien surface =If2cis near .aser ‘'urn Shrougae!

. ma, -

e

- X ke -
Zzurs 7. ecrysva._Zized Metalas., yzic n
surface effects seen near laczer "turn zhrsughi 2dge
Foolalvdi R YR
Tl )

O

L34

v

['.
E
»




Figure 58, Recrystailized MetGlas. View =I noie,

produced by beam irregularity, and the nearvy surface
effects (500X I=M)
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o : Jigure 29, Recrystailized MetGlas., areas of unire
arcing found l.2mm “rom laser burn ithrough (3CCX 2zM
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according %o Jalter, et.ale., LRef, 131, the annealling process ini-
tiates rocrystailization with elliptically shaped crystals of approxi-
mately 1 micron in diameter Geing produced, It is fglt that these
recrystai.ized sites provided areas Zor which unipolar arc initiation
is easier than the amorphous areas. Thus, arc densities were aigner

-

zetailic glass.

e

the annealled sample than in the unannealled Te e

£ ncte is the fact that unipolar arcing appeared in the annealled

[€))

(@)

sample at l.Jmm radius from the main crater, while in *the unanneailed
samples no arcing effects were noted teycnd the immediate edge of the
nain laser crater.
2. Type 204 Stainiess Cieel

The first attempis wo produce metallic zlass surface on 2C4
stainless invoived determining the energy density required for the cn-
set of plasma sroduction which initiates unipolar arcing, and then Ir-
radiating a target at an energy density sufficient toc prccuce surface
selting but without a plasma. 7o accompiish this, the laser was Ifocused
to 2 O.5nm diameter spot size and was then fired at targets wizh tae
laser tulse Tillered Jor each shoi, al successively Lower levels ol
oulse transmiviance and, therefore, successively lower znergy _svels.
A chotograph was taken of zach laser tulse-target interaction ccntinruing
at the successively icwer snergy densiiies until a plasma couid not Te
seen iIn the photograpne. The camera Zor zhotographing the laser-=arget
interaciions was a Polaroid CR=-%, using an iZA 3200 Polarcid Iilm,
with an J-gtop setting of 3, Figures 20 and ol show the cuwcif o=
tained, while Zigure 52 shews a iypical spot shape and surn 2astern

cctalined 3% tilese low snergy densiitliese IV was Zound aat tae 2nergy
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Tgure &0, 3C4 Ztainless. Flasma orocucsd av
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23 MW/ca” energy density

Tizure &l. 04 Ctainlesse. lio plasma producsd av
2
22 MW/2m” density
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lensity required for the onset of plasma zroduction lies arcund 12

>
egawaits/ca”; nowever, the figure obtained is only an aporoxizate

>ne, since t<he incident radiaticon was assumed distrituted unifcrzly
and hot spots and veam irregularities coculd not e faken intoc accounte
A 2C4 stainiess target was then irradiated at an energy den-
sizy > approximately 7 Hegawatcs/cmz, then stched elecirslyiically anc
sxanined, Areas of possitle zetallic glass procducticn Were stserved;
acwever, the largesty area obtained aeasured less than C.lam in diameter
and was deemed *c be unusuatle in any attempis “o determine ths sus-
ceptapility % unipolar arcing oI stainliess steel metgias, The resuils
Iron those first attempis brought abcut the brute force atienmnt, wiln

L3C 2~

D

<he thougat that the areas around ithe zain laser crater and
round unipolar arcs, due tc their shori time in molien slate, tiem~

ce.ves shousd e o a aetallic glass form, Inivially, =2 <arce _aser

=3

0]

not seguence was docne on a polished 304 stainless target. Twc shois,

Q
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and 10 Joules 2nergy and focal spct diameters i D
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with the rims 2 the two resuliing zain laser craters lying within Z,lnm
gaci: ctners A third shoty with an energy of 1T Jowles ana T.°
diameter Iocal spot, was then zpade with ithe result that the Jar-aest

edge of the previcusly menticned rings produced by diffracsion ¢l ihe

third Laser pulse artutted the zain crater rinm from ihe zecend shot {see

zprendi 2 Ior shot sequence ilagrams,. Tigures £3, £4, and 3 shew
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E
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e 2ain laser crater area of skot numter two, after
successively nigher nagnifications. The diffraction rings ctrcduced oy

the <zird zhot weuld Lie Immediately sutsiie and ¢
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ure 23, The srevicus tarse figures should e zcmpared witih Jizures
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Tigure C4e 04 Stainiess, Main crater swo ceen 2% 2
nigher magnification (26CY Z3M)
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06y 67, and o which show unipolar arc densities produced oy zhod nume
ver three directly opposite of main laser crater two and at a distance

where plasma surface offecis should te ithe same, again at successively

b s - o s

nigher nagnifications. It is obvious %nat the density of unipolar arcs
is much less in the area that had been subjected toc rapid surface
melting and resoliidifiication and it is Interesting %o nove thai, seen

at the nighest nagnificatiocns, it appears thal wae plasma 2as aadé an

lalal

etehning effzct on the steel, ISgures 69 and 7C show the resulis of
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oxailc acid etching the surface produced by _ase
was unatle to interpret these etching resulis.

\ repeat of the linear three sho% seguence wia a distance :f
24 5mm tetween successive crater centers zrcduced similar resuiis,

though unipoiar areing was zauch zore apparent this itime In crater nun-

cer twCe CJizure 71 shcws an area of aclien effects produced Ty shot

Srcn the cen- !

ter oI zain laser an ares _ying

directly oppesite crater two, with <he aidpoint of the figzure Zein

2.°mm lrom snot number three. Again, though some new unipolar arcs

are noticeanle In Jigure 7l, their density is much less than *nat seen

: ~a
izure 7Z.

b

in
Jecause >I those rssuiis, an exgeriment was inderiaksn Wil a

oclisnhed 2C4 stainiess target being irradiated by a linear seven ziaol

5 sequence (se2 ippendix 2 for shot ssquence and tositions), with ihe

Q.

. idea tnat the seguence would procduce an axiremely large area :f aclien

Irst five snots snculd crovide

2 2ontinucus line o2 aolten zurflace =2fe2cts and thaat e last twe 3L03S

{1,
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304 Stainless, Unipolar arcing seen at
of diffraction ring pheromenon (130X SIM)
-

s

et

204 Ztainless, Area :hown in the ctrevicu

(e6CX M)

gher zagnification
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Figure 70, CA Stainless. 4dcid eten of unipolar
arcs showing different effects (630X SIM)

Mgure 71, 204 Sta_n*ess. Main crater number iwo
from the second three-shot sequence (260X 3IM)
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Figure 72, 204 Stainless. Unipolar arcing 2.5mn
Srom the third laser puise (260X 32M)

Figure 73, 204 Stainless, Surface produced by a
seven pulse sequence (130X IZIM)
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would provide the test pliasmas for determination of unipolar arc sus-
ceptacility of the laser glazed surfack, .fter shois 6 and 7, tne sam~
ol2 was =xamined under the 3EM at magnifications ur to AT0X, ‘nipclar
arcs could e found only at distances gsreater than 3mm Ircom ke center-
Zine or the molten surface eflects,with the glazed surface visually
sinilar to that of the commercial zmetailic zlass Teg 3ppe  Tlgures 7z,
ke 75, 76y 77, and 78 show the resuliing surface structure, produced
by the seven shot sequence, at varicus areas and at successively igher
aagnifications., Cathcde spots rom unipolar arcs that have teen "glazed
over" are visible; however, no new .nirolar arcs were found on this
surface., Iigure 79 shows the typical arc densities Lfound outside the
zlazed area with the bottom oI the figure being at an approximate iis-
tance of Zam Ifrom the cenver of the "glazed" surface,

After examinations °f the surface were completed and zaotcgrachs
taken, the target sample was cut with a low speed diamcnd saw sc thal a
cross sectlon 3£ the glazed area was >btained, After polisaing wish 2
0% micron slurry ofFf AlZGB, “he sample was etched electroiytically
using 10 grams of oxalic acid in 10C 21 »f water, and then examined

optically to determine the extent of laser effects (if any), Irom the

(€8]

seven shot sequence, iInto the stainless, Tigures 30, &1, 22, &2, and
24 show, at 50CI, <the etched cross section at various peints alcng :ae
laser-target Interaction area, with the black areas at the top teing zae
vakelite mounting naterial, and the laser glazed surface abutting the

tcakelite, Immediately noticed, was the norizontal line running a’zmos:

“he entire length of the cross secticn approximately 5 aicrons belcow

the laser-iarget surface interaction area, It i1s thcught that iis
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Tigure T4e 3C4 Stainless, 3ame surface area as ore-
vious figure but at higher magnification (260X CIM) 1

Tigure 75, 2C4 Stainiess, Zurface produced by seven
sulse sequence, Smm Ifrom previous Zigure 260X IIM)
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! Figure 76. 304 Stainless, Came surface as previous
figure but at nigher magnification (630X SIM)
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Figure 77, 204 Stairless, Another surface view Irc
seven pulse sequence (650X CIM)
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Tigure 78, 204 Jtainless, Close up of moltien surface
effects from seven pulse sequence, same area as in or
vicus figures but at sreater zamificall (1200X 3)
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Figure 79, 204 Ctainless. Unipolar arcing seen at

cessation ¢ mol<en surface effects Ior seven-pulse

sequence {26CX IIM)
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Tigure 32i. 204 Ctainiess, CZiched trecss section o
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Tigure Z2.

04 Ctainiess. <Itched cross secticn,
er snown in previous Iigure lies immecie
ately %o *the left (500X optical)

Tigure 323, C4 Ztainiess. ZIiched cross seciion,
Jrystailine nmicrosiructure can apparenily
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Flgure 34, 3204 Stainiess, Ztched cross section,
Ridge=like structure corresponds to mcliien surface
effscts (500X optical)
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The results of one of the lingar three shot sequences, where
aain laser crater centers lie approximately 2,5mm apart, are shown in
figures 25, 36, 37, and 38, Tigure 35 is a photograph of the center of
the main laser crater frcm the third or last shote I% shows an etching
effect probably due to sputtering, as did the 304 stainless, and weas
used for comparison with figure £6, which shows the center of the crater
from the second shot. Seven new unipolar arcs can de seen in figure 36,
which should then ve cozpared with {igure 37, Figure 37 shows an area
of unipoler arcing that is 2.5mm from the center of crater three,
opposite of crater two, Figure 58 is a photograrh cf an area, outside
of main crater two, lying approximately 2um from crater three's center,
and shows no new unipolar arcse.

Results from the first three shot sequence were similar to those
of the second sequence, with the density of new arcs being produced cn
the "laser glazed" surface bteing less than the arc demsity on the pol-
ished surface given equal plasma densities over both surfaces, o
large differences were noted when comparing 3204 glazed surfaces with
316; hovever, as noted creviously, polished 316 seems to arc over a
slightly smaller area, given the same laser pulse energy, than polished
304y so it would seem that a 316 glazed surface should be more unipolar
arc resistant by a small amount.

be X120

Cnly one three shot sequence was made on an 7 120 target

sample, Two shots were made such that the resulting main laser rinms

were separated by C,25mm, and a third shot, to create a test plasma,

was made <mm away from the second crater., Laser energy for the first




Tgure 35, 316 Stainless, View (center) of main
laser impact crater resulting from pulse three
(650X s=M)

A

T T e

Jiew (center) of main

Figure 36, 316 3tainless,
, laser impact crater resulting from pulse two and afier
b exposure to plasma produced by pulse three (650X 5IM)
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Figure 87, 316 Stainless. Unipolar arcing seen at

distance 2,5mm from main laser impact crater numoer

three (650X SIM)
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Tdgure 38, 316 Stainless. Molten surface effects re-
sulting from pulse two, 2am {rom main laser Impact crater
of pulse three, after exposure o plasma produced by
pulse taree (65CX SIM)
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two shots was 11 Joules while the third shot was cne of 12 Joules,
Tocal spot diameters were all O,4mm, TFigure 89 shows the area between
the main craters of the first two shots, while figure 9C shows an area
outside of main crater two, with the left side of the figure approxi-
mately lom from crater three, 3oth figures show a plasma etched surface
revealing a martensitic microstructure, an effect that was noted in the
previous section on HY 130. o unipolar arc density reduction effect
was noted on the glazed surfaces when compared to the one shot polished
surface arc densities; however, since there is a paucity of unipolar
arcs found in the few HY 130 plasma interactions studied, no real com-
parison can be made. It is believed by the author, however, that very

fine or martensitic microstructures will be proved more arc resistant

than the coarse grained structures; and that, by glazing the IY 130,
one oobtains a surface of refined martensite, which could be more uni-
polar arc resistant than HY 130's regular microstructure of tempered
martensite,
& 5 =020 Steel
As with the 316 samples, two three-shct linear sequences were
‘;‘ fired at polished 1030 steel targets. 3oth samples had a hardness of
42 on the Rockwell B scale and had a coarse microstructure predominately
of ferrite,
Tor one three-shot sequence, the first tuwc laser pulses were
ooth 11 Joules, had focal spot diameters of O,Zmm, with a distance of
le25mm between resulting main laser crater centers, A third pulse of

11.3 Joules nad a focal spot of 0.35mm diameter. The main crater pro-

duced by this third pulse was 1.°mm frcm the crater zroduced by the

A
—— e
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Figure 89, HY 130. Area between and around main
inpact craters from pulses one and two (160X optical)

Figure 90, HY 120, Area near nain laser impact
crater number two (500X optical)
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second pulse {center ‘o center,, Tigure 91 shows the main crater of
the second pulse af'ter it had been exposed to the plasma produced by
the third pulse. Zurface area seen in this figure is approximately
O.75mm2 with several hundred new unipolar arcs seen, TIigures 92 and 93
show areas of crater number two at 600X, As in other samples, tnese
two figures seem to show a surface that has undergone etching by the
viasma, If this is the case, then the microstructure for surface material
nas teen refined considerably with the photographs showing a martensitic
microstructures For compariscn with the arc densities shown in figures
92 and 93, figure 94 has been provided, This figure shows an area ly=-
ing 2.0mm from the third main crater and directly ovposite from crater
number two. Unipolar arc demnsities in figures 92 and 93 are less than
seen in figure 94; however, the few arcs in the figures 92 and 33 are
auch larger than those in figure 94,

A second three shot sequence was done with the first two pulses
naving energies of 11 and 3 Joules, and the third naving an energy of
20 Joules, The main laser craters for the first two pulses lie lmm a-
part (center ‘o center) while the third pulse producing the test plasma
created a main crater that was 2.5mm distant (center to center) from
crater two, gure 95 shows the main crater produced by laser dulse
number two; while figure 96 shows an area, in main crater two, which was
approximately 2.6mm from crater tnree, o new unipolar arcs were seen,
the faw "washed out" arcs seen are the result of the first laser shot.
Fgure 97 shows an area on the opposite side of pulse three’s main
crater from crater two, with the bottom edge of the figure being approxie-

nately 2.4am from main crater three!s center, Apparently, the lower
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Figure 91, 1030 Steel, Main laser impact crater of
pulse two after exposure to plasma produced by dulse
three (125X SIM)

M N
T.ose up of area iIn main

Flgure 92e 020 3eel,
crater two (600X CM)




Figure 93, 1030 Steel. Close up of area in main
crater two (600X SIEM)

Tigure 94, 10320 Gteel., Unipolar arcing seen from
distance of 2mm {rom main laser impact crater ihree
(6COox -)
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Figure 95, 1030 Steel, ‘ain laser impact crater pro-
duced by pulse two, affer exposure to plasma produced by
pulse three; in second three-shot sequence {120X SIM)

Tgure %6, 1030 Cteel, Jlose up of area seen in upper
left cormer of nain crater seen in previous figure
(11c0x% 32M)
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Figure 97. 1020 Steel. Unipolar arcing at distance
of 2.4mm from pain laser impact crater three (1100X 35EM)
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plasma density produced by the test pulse of the second sequence in
crater two was insufficient to initiate unipolar arcing in the glazed
areas of crater two. The higher plasma density, due %o the fact that
the test pulse in this case was closer to the glazed area, of the first
sequence, was of sufficient density to initiate unipolar arcing in tae
"glazed" surface; albDeit at a lower arc density when compared to 2

polisned surface exposed to the same plasma density.
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™.¢ work on this thesis was directed towards disccvering the degree
of unipolar arc damage on various materials when they are exposed to
a plasma environment, and to discover methods that can be employed to
impede unipolar arc initiation in materials that arc heavily, To this
end, the following conclusions have been made for the naterials tested:
99,9% pure titanium, which is used on some components in the plasma

environment of Tokamaks, exhibited the greatest propensity towards

arcing of any of the metals tested, Molten surface effects covered
aprroximately twice the surface area, per Joule applied, than the area

of effects on the steels, Unipolar arcing was also seen to occur over

(o 28

the entire target surface, This implies that titanium should not te j
used in any plasma envircnment where contamination Dy aigh Z elements

is 2% concern.

The carbon material tested showed no propensiity towards arcing, at
i least 1o cathode spots could be discerned amid the porous surface; now-

% ever, the erosion of the original surface was quite pronounceds =Icr

an 11,9 Joule focused pulse irradiation, excluding the main laser im-
! pact crater, the volume of material removed by the plasma was approxi-~
nately 3.060mm3. This value assumes a circular interacticn area with
a Sum erosion of the original surface at the edge of the main laser

L impact crater, no erosion at a 3,5mm radius, and the amount of ercsion

varying linearly as a {unction of the radius. The volume of material

remcved Srom *he 1main impact crater was approximately C.44am”, This
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indicates that sections of Poco graphite probably will erode "rapidly"

if used as a limiter in fusion reactors, and may have only limited
utility in a dense plasma environment,

! 0f the steels tested, both stainless types and 1030 exhibited

{ approximately the same high degree of susceptability to unipolar arc
damage, though type 316 stainless does exhibit a slightly lower density
| of arcing at equivalent plasma densities. The one steel that showed a
7 low susceptability to arcing was HY 130, though once a unipolar arc

F did initiate, it apparently tended to burn long and vigorously. This
tends to confirm the model of arc cessation put forth by Ryan and Shedd
[Ref. 4], which essentially states that the material removed by arcing
{rom the crater area and enters ithe plasma, serves to cool the plasma
until it no longer has the sheath potential required to sustain the arc,

With a five orders of magnitude lower arcing density in HY 120, when

compared to the other steels, it is apparent that more plasma energy
can go into each arc, enabling that arc to burn much longer than a cor-

- responding arc in stainless before the sheath potential is reduced

enough for arc cessation, The reason for the low arc demsity in HY 120

« v -

v f

is unknoun.

Candblasting appears to be a viable method of reducing the density
of arcing on a material, as long as polished surface smoothness is not
a prerequisite for use of the material, Unipolar arc density was re-

1 duced in both copper and stainless steel samples tested after sand-

blasting, with few arcs seen beyond a radius of l.5mm lrom laser impact.
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It is felt that the Sio2 surface coating produced by sandblasting acts

as an inhibitor to unipolar arcing, in spite of the fact that the
surface is rough and jagged which should act as an electric field,
and therefore unipolar arc enhancer,

As noted by Ryan and Shedd (Ref. 4], commercial metallic glasses
appear to be resistant to unipolar arcing, Results obtained with
Fe80320 tend to confirm that statement, o unipolar arcs were ob-
served on Fe8032O outside of a small molten area abutting a hole burned
through the ribbon by the laser, Upon initiation of crystallization of
the metallic glass, the number of unipolar arcs, and the area affected
by unipolar arcing, increaseds It seems that metallic glasses would be
ideal for use when a metal surface is to be exposed to a plasma so long
as temperatures and exposure times are not great enough to recrystallize
the glass; however, since the only commercial metallic glasses avall=
able are in ribbon form, their utility seems very limited.

Attempts W produce a metallic glass surface layer over a large area
Dy laser glazing the various steels produced uncertain results, Uni-
polar arcing is apparently greatly reduced on steels that have been
previously irradiated by laser radiation, with a complete cessation of
arcing seen on a 304 stainless steel target after irradiation Ly seven
laser pulses, It is suspected that a very thin layer, perhaps cnly
200 angstiroms thick, of metallic glass is formed in the area of moiien
surface effects, and that the process of unipolar arcing, itself, pro-
duces a surface metallic glass layer due to the short lifetime of <the

ar'cCe
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Ryen and Shedd stated that they believe a metallic glass layer is
formed immediately upon arrival of the incident laser pulse and that,
when unipolar arcing occurs on this layer, the molten core of the arc
lifts up the metallic glass layer and forms the metallic glass crater
rims they observeds The author feels that this is not the case. It
is felt that the metallic glass crater rims they observed were produced
by molten material pushed up out of the cathode spots and solidified at
a cooling rate in excess of l,OOO,OOOo C/secs Thus, it is felt, on
certain alloys the process of unipolar arcing will self-extinguish
eventually by the production of a surrounding arc resistant metallic
glass surface layer around the arc crater., It is felt that this is the
reason no unipolar arcing could be found on the seven pulse irradiated
stainless steel surface, Simply put, the seven pulses produced so many
unipolar arcs that, in conjunction with other surface effects, even-
tually a thin layer of metallic glass completely covered the surface,
which was now also free of any surface impurities that aid in unipolar
arc initiation.

The uncertainties of that idea arise from observations of the laser
glazed stainless steel in cross section and of the glazed surfaces of
1030 and HY 130 steels.s As closely as could be examined, the micro-
structure of the seven shot stainless steel target seemed tc e intact
up to the surface, though observation of a 200 angstrom thick surface
layer was impossible by the optical means used 4o evaluate the depth of
the surface effects. In the 1030 and HY 1320 steels, especially the
JY 13C, the surface of the target naterial appeared o be etched by

the laser produced plasma, revealing a martensitic microstructure,

-t




It may be that, instead of a metallic glass layer being formed, a thin
homogeneous layer of martensite is formed on some glazed steels, and
oeing cleaned of surface impurities oy the laser produced plasma, is
very resistant to unipolar arc initiation, These results suggest that
the microstructure of a material influences its resistance %o unipolar
arc initiation,

In either case, aven if a very thin surface layer of metallic glass
resistant to unipolar arcing was formed, the target material had to be
shock hardened in the area beneath and abutting the main laser impact
crater, Power densities in that area were of the crder of 1010 w/cm2
for apr ~ximately 25 nsec, which should produce a hard homogeneous
layer of fine microstructure [Ref. 14]s It is felt ithat, even if the
layer of metallic glass were not there, these hardened layers would be
resistant to unipolar arcing because of their homogeniety and cleanli-
ness and because of the high electrical resistivity of individual grain
boundaries [Ref. 18], With a very fine microstructure, it is felt that
the grain boundaries may inhibit the return aicrocurrent flow of
electrons required for unipolar arcing, Thus, whether a metallic glass
layer or a hardened crystalline layer is at the surface, either layer
should inhibit unipolar arc initiation. It may be noted that unipolar
arcing has occurred when some targets were still in a molien state whers
electrical resistivity is high. It is felt that the increased vapor
pressure of the molten metal compensates for the high electrical

resistivity.
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VI. RECCMMENDATICNS

i
i
H
i

The results of this thesis raise many questions and suggest many
areas for further study. Results of this thesis suggest that coarse
nicrostructures sich as those that exist in annealled stainless and
1020 steels undergo unipolar arcing easier than a steel of martensitic
microstructure such as HY 130, A study of the effect of steel micro-
structure on unipolar arcing is recommended. For example, the effect
of microstructure on unipolar arcing could be studied by heat treating
a hardenable alloy steel, such as AISI 4140, to produce various micro-
structures varying from fine untempered martensite to coarse peasrlite.

Further studies on the effect of sandblasting impeding arc initi-
ation appear warranted. The sandblasted surfaces evaluated proved to
provide a nigh degree of resistance to unipolar arcing, and showed
less laser surface interaction damage than their polished countervarts.
In ordes to separate the effects of surface hardening and impregnation
of SiO2 on the surface, samples could be "sand" blasted with different

’?.\ particles ranging from metallic to ceramic. It is recommended that
experiments be conducted to determine the susceptability of insulating
materials to unipolar arcing, and to determine methods of ccating con=-
ductors with insulating materials that will not be damaged by thermal
effects and that are resistant to unipolar arcing., Sandblasting appears
to provide an insulating coat of 810,y ut it is not 100% effective as

was a coating a conductor with titanium carbide was shown %o %e Dy
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Zxperiments showed that a metallic surface that has undergone
multiple exposures to laser radiation and a laser produced nlasma was
more resistant to unipolar arcing than a cleaned, polished surface., It
is recommended that experiments be carried out to determine the exact
nature and thickness of surface layers produced on steels by multiple

laser pulse exposure. It is alsoc recommended that stainless steel tar-

gets be laser glazed commercially, using a focused TW 302 ilaser that is

scanned across the target surface, and then determine the resulting
surface!s resistance to unipolar arcinge It is felt that this would be
the best way to produce "smooth" layers of metallic glass, if indeed a
metallic glass is produced, over a target surface area large enough for
easy evaluation of plasma-surface interaction effects.

Finally, it is recommended that experiments be devised o determine
the density and temperature of the laser produce¢ plasma as it expands
radially over the target surface, This would aid in evaluating a
zaterial's susceptability to unipolar arcing and aid in determining *he
plasma density and temperature required for unipolar arc initiation in

that material,




APPENDIX A
3
Sompogition of HI=130 Cast Steel
Weight Percentage Specified Chemical
Element of Target Samples Composition®

Carbon 0s12 0.12 maxe |
}. Manganese 0.77 0.60 = 0490
f Fhosphorus 0,010 0,010 maxe
" Sulfur 0.006 0,008 max,

Silicon 06045 0,20 = 0.50
t Copper 0,07 0eR5 maxe

Nickel 5025 5425 = 5450
t Chromiun 0657 040 = 0470
1 Molybdenum 0e52 0e30 ~ 0e65
. Vanadium 0412 0,05 = 0610

Titanium 04,02 0,02 maxe

Aluminum 0,034 0,015 - 0,035

Titrogen 44e0 ppum

Oxygen 43.0 ppm 35.0 ppm DaXe i

dydrogen 5.5 ppm 2,0 ppm mex. "

* Departmemt of Navy MLl Spec MI-30-C/1, Dece 1971
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APPENDIX 3

Laser Shot Sequences and Locations

Three-Shot Sequence

Seven-Shot Sequence

|

Location of Diamond Saw Cross Section Cut
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